Introduction {#sec1}
============

Since Hoffmann theoretically proposed the molecules containing the planar tetracoordinate carbon (ptC) to be stable in 1970,^[@ref1]^ plenty of stable molecules,^[@ref2]−[@ref8]^ clusters,^[@ref9]−[@ref13]^ and nanotubes,^[@ref14]−[@ref17]^ as well as transition metal complexes^[@ref18]−[@ref23]^ have been theoretically found to contain one or more ptCs. However, only a few compounds with ptC were experimentally observed.^[@ref24]−[@ref28]^ Hence, obtaining more compounds containing ptC is a challenging work. In general, electronic and mechanical strategies are used to stabilize the main group element compounds with ptC. The electronic approach is that the ptC is placed on aromatic systems, in which the lone electron pair on ptC is delocalized.^[@ref29]−[@ref31]^ The mechanical strategy is that the ptC atom is confined within a ring or a cage.^[@ref20],[@ref32]−[@ref34]^ In addition to the main group element compounds with ptC, many stable complexes with ptC are also considered to adopt the electronic approach.^[@ref19]−[@ref21]^ Recently, we have theoretically obtained some silver and gold complexes containing ptC, supported by the derivatives of 2-borabicyclo\[1.1.0\]but-1(3)-ene (2BB).^[@ref22],[@ref35]−[@ref37]^ Moreover, the gold complexes Au(2BB)^+^ were used to catalyze the rearrangement reaction of allylic acetates, and the free-energy barriers were lower than that of the \[Au(NHC)\]^+^-catalyzed reaction by about 2 kcal/mol.^[@ref37]^ The ptCs in these stable silver and gold complexes do not adopt the previous electronic and mechanical strategies, but adopt a σ coordination bond between ptC and Ag (or Au). To better understand the fact that the derivative of 2BB can act as a σ donor, we have investigated the chemical bonding, stability, and isomerization of 2-Me-2-borabicyclo\[1.1.0\]but-1(3)-ene (2-Me-2BB, as shown in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). Moreover, nine complexes composed of transition metals Sc to Cu supported by 2-Me-2BB were designed. The structures, stability, and Wiberg bond indices (WBIs) of the nine complexes were theoretically investigated.

![Conjugation π Bond (a) and Resonance Structures (b) of the Horizontal C--C Bond in 2-Me-2BB](ao-2016-001702_0007){#sch1}

Computational Methods {#sec2}
=====================

The possible isomers of C~3~BH~2~CH~3~ were constructed and optimized at the B3LYP/6-31+G\*\* level, and the structures of 1-Me-borirene and cyclopropylene were optimized at the same level of theory. The vibrational frequencies and WBIs of C~3~BH~2~CH~3~, 1-Me-borirene, and cyclopropylene were calculated using the B3LYP/6-31+G\*\* approach. The structures, vibrational frequency calculations, and WBIs of the complexes of the Sc--Cu-bearing 2-Me-2BB ligand were obtained using the B3PW91 functional in combination with LANL2DZ(f) basis sets^[@ref38]−[@ref41]^ for transition metals Sc to Cu, LANL2DZ(dp) ECP basis sets^[@ref42]^ for the I atom, and standard 6-31+G\*\* basis sets for other atoms. Intrinsic reaction coordinates were calculated to confirm the calculated transition structures involved in the isomerization of 2-Me-2BB. WBIs as well as natural charges of transition metals in the compounds studied here were computed by the natural bond orbital methods.^[@ref43]^ All the above calculations in this article were performed with the Gaussian 09 program.^[@ref44]^ The electron density and Laplacian values of 2-Me-2BB, 1-Me-borirene, and cyclopropylene were calculated using the Atoms In Molecule program.^[@ref45]^

To confirm the dynamical stability of 2-Me-2BB, ab initio molecular dynamics (AIMD) simulations of 2-Me-2BB were carried out using the Vienna ab initio simulation package program.^[@ref46],[@ref47]^ The core and valence electrons were represented by using the projector augmented wave^[@ref48]^ method and plane-wave basis functions with a kinetic energy cutoff of 400 eV. The generalized gradient approximation with the Perdew--Burke--Ernzerhof^[@ref49]^ exchange-correlation functional was used in the calculations. The finite temperature simulation of the dynamical properties was performed at temperatures ranging from 373 to 1273 K using the exact Hellman--Feynman forces and applying the statistics of the canonical ensemble to the motion of atomic nuclei by means of a Nosé--Hoover thermostat.^[@ref50]^ Newton's equations of motion were integrated using the Verlet algorithm^[@ref51]^ with a time step of 1 fs. 2-Me-2BB molecules were calculated in a cubic box of 10 × 15 × 10 Å^3^. A vacuum distance of more than 8 Å was set to maintain a negligible interaction between molecules in the adjacent boxes. The Brillouin-zone sampling was restricted to the Γ-point. The optimization of atomic geometries was performed via a conjugate-gradient algorithm until residual forces acting on atoms were less than 0.1 eV Å^--1^.

Results and Discussion {#sec3}
======================

The possible isomers of C~3~BH~2~CH~3~ in which CH~2~ and CH~3~ units remain unchanged were considered. The reason for that is the fact that the structure of 2-Me-2BB, as shown in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}, can contain the structures of 1-Me-borirene and cyclopropylene. Accordingly, 10 possible isomers were constructed, as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} (A1--A10). Calculated energies and relative energies of A1--A10 are listed in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.6b00170/suppl_file/ao6b00170_si_001.pdf) of the Supporting Information. As seen from [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.6b00170/suppl_file/ao6b00170_si_001.pdf), the lower energy structures of A5, A6, and A8 are quintuplet, triplet, and triplet, respectively, whereas the other isomers have a singlet structure. The most stable structure of C~3~BH~2~CH~3~ is A9, in which the carbon and boron atoms are arranged in line. The lengths of the C--C (left), C--C (middle), C--B (middle), and B--C (right) bonds in A9 are 1.319, 1.283, 1.367, and 1.529 Å, respectively, in which B--C (right) is a single bond, whereas the remaining C--C and C--B bonds are double bonds. Isomer A10 is an isoenergetic structure of A9 because the difference in energy between them is only 0.5 kcal/mol. A1, 2-Me-2BB, is the most stable among the nonlinear structures. The lengths of the horizontal C--C, C--B, and C--C(H~2~) bonds are 1.471, 1.464, and 1.476 Å, respectively. The lengths of the horizontal C--C and C--C(H~2~) bonds are between those of single and double bonds, in which the short C--C(H~2~) bond results from a hyperconjugation effect. The relative energy of A1 is higher than that of A9 by 16.4 kcal/mol. Then, is it easy for A1 to isomerize to A9? Thus, we have considered the isomerization processes from A1 to A9. There are two kinds of paths for A1 → A9 according to the symmetry of A1: one is the cleavage of the C--B bond in A1 (A1 → A3 → A9), and the other is the breaking of the C--C(H~2~) bond in A1 (A1 → A4 → A9). The transition structures involved in the two reactions are illustrated in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} (TS~A1--A3~, TS~A3--A9~, TS~A1--A4~, and TS~A4--A9~). The distances of C···B(Me) in TS~A1--A3~, C···C(H~2~) in TS~A3--A9~, C···C(H~2~) in TS~A1--A4~, and C···B(Me) in TS~A4--A9~ are 2.520, 2.068, 2.431, and 1.938 Å, respectively. The single imaginary frequency of TS~A1--A3~, TS~A3--A9~, TS~A1--A4~, and TS~A4--A9~ are 135*i*, 774*i*, 448*i*, and 228*i*, respectively. The reaction profiles of the two paths are given in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. The free-energy barriers of A1 → A3 and A3 → A9 via TS~A1--A3~ and TS~A3--A9~ are 37.2 and 17.7 kcal/mol, respectively. The free-energy barriers of A1 → A4 → A9 via TS~A1--A4~ and TS~A4--A9~ are 38.3 and 0.7 kcal/mol, respectively. Thus, the C--C(H~2~) bond in A1 is more easy to break than the C--B bond. However, the free-energy barriers of both paths for A1 → A9 are very high, indicating that it is very difficult for A1 to isomerize to A9. Thus, 2-Me-2BB is kinetically stable.

![Selected bond lengths and multiplicity (in parentheses) of the lower energy isomers of 2-Me-2BB.](ao-2016-001702_0001){#fig1}

![Optimized geometries of the transition states involved in the isomerization of A1 to A9.](ao-2016-001702_0002){#fig2}

![Profiles of the potential energies (in kcal/mol) of the isomerization of A1 → A9.](ao-2016-001702_0003){#fig3}

We further determined the dynamical stability of 2-Me-2BB with temperature in the range of 373--1273 K using the AIMD method. The structure of 2-Me-2BB remains unchanged below 1173 K, whereas one C--C bond in 2-Me-2BB begins to break at 1273 K. Thus, we display four structures (at 8651, 8652, 8653, and 16 000 fs) and selected bond lengths of 2-Me-2BB at *T* = 1273 K in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. As can be seen from [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, the structure of 2-Me-2BB has no significant change before 8651 fs, whereas the C1--C2 bond begins to increase after 8651 fs and the entire molecule is dissociated into small fragments at 16 000 fs, which is consistent with ab initio calculations by which the cleavage of the C--C(H~2~) bond in A1 is favorable. In addition, detailed variations of the C1--C2 bond in A1 versus time at 1273 K are given in [Figures S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.6b00170/suppl_file/ao6b00170_si_001.pdf), indicating that the C1--C2 bond breaks after 8651 fs. Thus, 2-Me-2BB is confirmed to be kinetically stable.

![Selected molecules and bond lengths of C1--C2 and B--C4 of 2-Me-2BB from AIMD simulations at *T* = 1273 K: (a) at 8651 fs; (b) at 8652 fs; (c) at 8653 fs; and (d) at 16 000 fs.](ao-2016-001702_0004){#fig4}

Previous studies showed that 2-Me-2BB can be a σ donor to coordinate with silver and gold ions to form complexes.^[@ref22],[@ref35]−[@ref37]^ We focus on the structure of 2-Me-2BB here and analyze its chemical bonding. The HOMO of the derivatives of 2BB is contributed by the occupied sp^2^ hybrid orbitals of carbon atoms, which are very similar to that of \[1.1.1\]propellane.^[@ref52],[@ref53]^ On the basis of the bonding properties of \[1.1.1\]propellane, we illustrate the electronic structures of 2-Me-2BB in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}. As seen from [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}a, the three-membered ring formed by two carbon atoms and a boron atom contains a conjugate bond (Π~3~^2^) contributed by their 2p~*z*~ orbitals, obeying the 4*n* + 2 rule. The sp^2^ hybrid orbitals of the two horizontal carbons are situated in opposite directions. According to the characteristic of the charge shift (CS) bonding of \[1.1.1\]propellane,^[@ref52]−[@ref54]^ the two sp^2^ hybrid orbitals from the two horizontal carbons will form a CS bond, and its resonance structures (covalent and ionic forms) are shown in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}b. Moreover, the ionic structures can serve as a σ donor when they come into contact with a transition metal. To further understand the CS bonding of C=C in 2-Me-2BB, we have optimized structures of 1-Me-borirene and cyclopropylene and calculated their WBIs, density, and Laplacian values. The lengths, WBIs, density, and Laplacian values of C--C bonds in 2-Me-2BB, 1-Me-borirene, and cyclopropylene are illustrated in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. The lengths, WBIs, and density of C--C bonds show that the strength of C--C bonds is in the order of 2-Me-2BB \< 1-Me-borirene \< cyclopropylene, indicating that the C=C bond in 2-Me-2BB is the weakest. The C=C bond in cyclopropylene is a double bond, which contains a 2c--2e σ bond and a 2c--2e π bond. The C=C bond in 1-Me-borirene is also a double bond, which results from a 2c--2e σ bond and a 3c--2e π bond, thus, the C=C bond is weaker than that in cyclopropylene. In addition, the Laplacian values of the C=C bond in 1-Me-borirene and cyclopropylene are very negative, indicating that the C=C bond is a covalent bond. In contrast, the Laplacian values of the C=C bond in 2-Me-2BB are significantly higher than those in 1-Me-borirene and cyclopropylene; thus, the C=C bond in 2-Me-2BB is different from that in 1-Me-borirene and cyclopropylene. The C=C bond in 2-Me-2BB is a weak double bond, which arises from a 2c--2e CS bond and a 3c--2e π bond. Therefore, the lengths, WBIs, density, and Laplacian values of the C=C bond in 2-Me-2BB are very consistent with the description in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}.

![Lengths (in plain, in Å), WBIs (in bold), electron density (in italic), and Laplacian values (in bold and italic) of the C--C bond in 2-Me-2BB, 1-Me-borirene, and cyclopropylene.](ao-2016-001702_0005){#fig5}

As discussed above, 2-Me-2BB is not only both thermodynamically and kinetically stable, but also its ionic resonance structure can serve as a σ ligand at carbon atoms to form complexes. Here, we have designed Sc--Cu complexes supported by a 2-Me-2BB ligand to investigate the coordination ability of 2-Me-2BB. The lowest energy structures of Sc--Cu complexes (1--9) are displayed in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. As seen from [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, the lengths of Sc--C(carbene) and Sc--C(2BB) bonds in 1 are 2.431 and 2.400 Å, respectively. Sc--C bonds in 1 are slightly longer than the Sc--C bonds in the η^3^-2,6-bis(imidazole-2-ylidene)pyridineScCl~3~ complex,^[@ref55]^ which might arise from the tension of the bis-2-Me-2BB ligand. The WBIs of Sc--C(carbene) and Sc--C(2BB) in 1 are 0.48 and 0.32, respectively, indicating that the ability of the donating electron of 2-Me-2BB is slightly weaker than that of NHC.

![Optimized geometries of the lowest energy structures of Sc--Cu complexes (1--9).](ao-2016-001702_0006){#fig6}

The two 2-Me-2BB ligands in complex 2 are perpendicular, and the distance of the Ti--C bond in 2 are 2.293 Å, which is very consistent with the Ti--C bond in 1,3,4,5-tetramethylimidazol-2-ylideneTiF~4~.^[@ref56]^ The WBI of the Ti--C bond in 2 is 0.36, showing that Ti--C is a weak coordinate bond.

The structure of complex 3 is similar to that of 1,3-dimesitylimidazol-2-ylideneV(O)Cl~3~.^[@ref5]^ The length and WBI of the V--C bond in complex 3 are 2.115 Å and 0.54, respectively, in which the V--C bond length in 3 is almost close to that in 1,3-dimesitylimidazol-2-ylideneV(O)Cl~3~.^[@ref57]^ This indicates that 2-Me-2BB is similar to NHC.

The Cr--C bond length in 4 is 1.921 Å and is shorter than that of Cr(Cl~2~)(NHC)~2~ by ca. 0.280 Å;^[@ref58]^ in addition, the WBI of the Cr--C bond in 4 is 0.85, thus, the Cr--C bond in 4 is a strong coordinate bond.

The distances of two Mn--C bonds in 5 are 2.037 and 1.920 Å, respectively, which are consistent with the Mn--C bond length (2.015 and 1.984 Å) in the Mn(III) complex with a tetradenate NHC ligand.^[@ref59]^

In complex 6, the length and WBI of the Fe--C bond are 1.922 Å and 0.70, indicating that the Fe--C bond is a strong coordinate bond. The Fe--C bond in 6 is shorter than that in CpFe(CO)(H2-IMes) by about 0.06 Å,^[@ref60]^ which is similar to that in complex 4.

The lengths of TM--C (TM = Co, Ni, and Cu) bonds in complexes 7, 8, and 9 are 1.969, 1.863, and 1.911 Å, respectively, which are very consistent with the distances of TM--C bonds in \[Co(CO)~3~(IMes)~2~\]^+^, Ni(CO)~2~(NHC), and 1,3-bis(2′,6′-diisopropylphenyl)imidazole-2-ylideneCu(CH~2~CH=CH~2~).^[@ref61]−[@ref63]^

Therefore, 2-Me-2BB is a kind of σ donor at carbon atoms, similar to NHC. The boron and carbon atoms of 2-Me-2BB and the transition metals in complexes 1--9 locate on a plane. Thus, 2-Me-2BB can also be a kind of novel σ donor to form complexes with ptC. In addition, on the basis of the previous results,^[@ref22],[@ref35]−[@ref37]^ it can be concluded that the derivatives of 2-Me-2BB can also coordinate with transition metals to form complexes with ptC. The natural charges on the TM in complexes 1--9 are 0.37, 1.54, 0.07, 0.03, 0.25, −0.84, −0.97, −0.22, and 0.54e, respectively, indicating that the TM can bond both electrophilic and nucleophilic molecules. Therefore, we suggest that these complexes with ptC have potential applications in the field of catalysis.

Conclusions {#sec4}
===========

The stability and chemical bonding of the 2-Me-2BB molecule as well as the structures of the complexes of Sc--Cu bearing 2-Me-2BB have been investigated using density functional theory. The following conclusions were drawn: (1) 2-Me-2BB is both thermodynamically and kinetically stable. (2) The C=C bond in 2-Me-2BB is a CS bonding and significantly different from the C=C bonds in 1-Me-borirene and cyclopropylene. (3) 2-Me-2BB can form complexes containing ptC with transition metals Sc to Cu. (4) The natural charges on the TM in Sc--Cu complexes bearing 2-Me-2BB ligands vary from −0.97 to 1.54e. Therefore, 2-Me-2BB or its derivatives can form complexes with ptC, and the complexes have potential applications in the field of catalysis.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsomega.6b00170](http://pubs.acs.org/doi/abs/10.1021/acsomega.6b00170).Cartesian coordinates and electronic energies of the compounds and the transition states ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.6b00170/suppl_file/ao6b00170_si_001.pdf))
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